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The famous physicist Lord Kelvin 
claimed, “. .. when you can measure 
what you are speaking about, and 
express it in numbers, you know 
something about it; but when you 
cannot measure it, when you cannot 
express it in numbers, your knowl- 
edge is of a meager and unsatisfactory 
kind.” 

One of the main responsibilities of 
the National Bureau of Standards is 
to provide for the Nation the kind of 
understanding Lord Kelvin was talking 
about—knowledge through measure- 
ment—for the basic quantities, in- 
cluding electricity. 

When the Bureau was founded in 
1901, the vast potential of ‘portable’ 


electric power was just beginning to 
be realized. A critical need had yet to 
be met—knowledge of electricity 
through adequate measurement tech- 
niques and measurement standards. 
In the last 75 years NBS has provided, 
and continues to refine, a national 
measurement system for electricity 
that meets the increasingly sophisti- 
cated needs in science and com- 
merce. 

The following article is a capsule 
description of this system today. 


HE electrical units now universal- 
ly employed in the United States 
are those of the International System 
of Units (“SI units” for short). They 
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are also the same as the “rationalized 
MKSA” units familiar to electrical en- 
gineers. 

If all existing electrical standards 
were destroyed, it would be possible 
to reconstruct them accurately on the 
basis of their definition—provided we 
also had access to accurate standards 
of length (meter), mass (kilogram) and 
time (second). In practice, the ‘““abso- 
lute determination” of electrical units, 
as the construction and evaluation of 
primary electrical standards is called, 
is rarely undertaken except by na- 
tional standards laboratories like the 
National Bureau of Standards. 
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Definition of the Ampere 
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Force of 2x10-7 Newtons 
on each meter of conductors 


The Measurement Strategy 


Three units are considered the 
starting point of the electrical meas- 
urement system as it exists today: the 
unit of current (the ampere), the unit 
of electromotive force or potential 
difference (the volt), and the unit of 
resistance (the ohm). Once the stand- 
ards for any two of these units are 
established they can be used to cali- 
brate standards of the third one. 

The first step in the NBS measure- 
ment strategy is to build a capac- 
itor whose capacitance can be cal- 
culated very accurately from its di- 
mensions. Then, by means of an al- 
ternating- current bridge,a resistance 
standard can be calibrated by com- 
paring its resistance with the imped- 
ance of the calculable capacitor. 

Every 10 years or so an absolute 
determination is made of the ampere: 
A current is created in a special ap- 
paratus which permits the current to 
be evaluated in terms of the definition 
of the ampere. Such a current can be 
accurately maintained for only a few 
minutes. This is time enough to use 
this current, together with the ohm 
standard, to calibrate voltage cells 
(batteries specially designed to serve 
as standards). A group of these cells 
constitute the working standard of 
voltage which, unlike the ampere 
standard, can be available at all times. 

In principle, a different measure- 
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ment strategy might have been adopt- 
ed. Some, for example, would con- 
sider it simpler to start by defining 
the unit of electric charge, the cou- 
lomb, instead of the ampere (which 
would then be defined as a current 
flow of 1 coulomb per second). Or, 
instead of taking a calculable capac- 
itor as a primary standard, a calcul- 
able inductor—a coil whose induc- 
tance we can calculate from its di- 
mensions—might have been chosen. 
This was in fact the procedure fol- 
lowed until the recent improvements 
in the accuracy of the calculable 
capacitor gave it a decisive advantage. 
(See “The Rise of the Calculable Ca- 
pacitor,” page 274.) Deciding which 
units to start with, and what kinds of 
standards to embody them in, repre- 
sents a complex judgment on how 
to optimize the quality of electrical 
measurements. Two obviously im- 
portant technical criteria are that 
the standards should represent the 
units as accurately as possible and 
that they be as stable (constant) as 
possible. 


Consequently, changes in both the 
starting units and types of standards 
can be expected from time to time as 
a result of advances in experimental 
technique and theoretical under- 
standing. Much hard thought is in 
fact presently being given, at NBS and 


DIMENSIONS / NBS 





elsewhere, to potential improvements 
or alternatives to the existing proce- 
dures and standards. 


Some Definitions 


(Note: Statements in quotation marks 
are definitions adopted by the 19th 
General Conference of Weights and 
Measures in 1948.) 

Current: Physically, an electric cur- 
rent is a flow or drift of charged 
particles—electrons, in the case of a 
metallic conductor of electricity. A 
moving charge, however, is accom- 
panied by a magnetic field, which 
gives rise to forces between conduc- 
tors in which currents are flowing. 
This fact is utilized in the definition: 

“The ampere is that constant cur- 
rent which, if maintained in two 
straight parallel conductors of infinite 
length, of negligible cross section, and 
placed 1 meter apart in vacuum, 
would produce between these con- 
ductors a force equal to 2 X 107° 
newton per meter of length.” 
Electromotive force (emf)/potential 
difference (p.d.): A device that con- 
verts other forms of energy into elec- 
trical energy (for example, a storage 
battery or steam-driven electric power 
generator) is said to be a source of 
emf. Such a source has the ability to 
drive an electric current around a 
circuit of which it is part. The emf is 
measured in volts, the number of 
volts being equal to the number of 
joules of energy imparted by the 
source to each coulomb passing 
through it. 

The current maintained by an emf 
is produced by electric fields that 
drive the mobile current carriers (for 
example, electrons). The p.d. between 
two points in such a circuit, also 
expressed in volts, is the work, in 
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joules, done by these fields on each 
coulomb that passes from one point 
to the other. In a pure resistor, all this 
energy is converted to heat, which 
leads to the definition: 

“The volt is the difference of elec- 
tric potential between two points of 
a conducting wire carrying a con- 
stant current of 1 ampere, when the 
power dissipated between these 
points is equal to 1 watt.” (1 watt = 
1 joule per second) 

Resistance: A resistor, as mentioned, 
is a conductor in which all of the 
electrical energy is converted to heat. 
Resistors obey Ohm’s law: the cur- 
rent in a resistor is proportional to 
the p.d. across its ends. The resist- 
ance, in ohms, is the number of volts 
of p.d. needed to produce a current 
of 1 ampere through the resistor, or: 

“The ohm is the electric resistance 
between points of a conductor when 
a constant potential difference of 1 
volt, applied to these points, pro- 
duces in the conductor a current of 
1 ampere, the conductor not being 


the seat of any electromotive force.” 
Capacitance: Any pair of electrical 
conductors separated by a noncon- 
ductor is a capacitor. If equal and 
opposite charges are given to the two 
conductors, the p.d. between them is 
found to be proportional to the 
charge. The number of coulombs re- 
quired to bring the p.d. up to 1 volt 
is the capacitance, in farads, of the 
capacitor. Since capacitance is af- 
fected by changes in the position of 
nearby conductors, precision capaci- 
tors are enclosed in a metal envelope 
or shield (normally connected to a 
ground) that practically eliminates 
such changes. 

A capacitor can also be character- 
ized by its dynamic behavior. If we 
apply to a capacitor an alternating 
emf, i.e., one that pushes the elec- 
trons alternately onto one of the con- 
ductors of the capacitor, then onto 
the other, but changing smoothly ac- 
cording to a sine-wave law, then the 
current also changes according to a 
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Electrical continued 


sine-wave law. If the same alternating 
voltage is applied in turn to several 
capacitors, the amplitudes (peak 
values) of the alternating currents 
produced will be proportional to the 
capacitances in farads. For a given 
capacitor, the current amplitude is 
proportional to both the voltage am- 
plitude and to the frequency. At a 
given frequency, the impedance of 
the capacitor, in ohms, is equal to 
the voltage amplitude needed to pro- 
duce a current amplitude of 1 am- 
pere. In a pure capacitance, the cur- 
rent wave leads the voltage wave by 
one-quarter of a cycle. 

Inductance: Inductance has been de- 
scribed as the electrical counterpart 
of inertia—i.e., as a tendency to re- 
sist changes in electric current. The 
resistance to change takes the form 
of an induced voltage that pushes 
electric charges in the direction that 
minimizes the current change. 

Any conductor has inductance, but 
it is more pronounced when the con- 
ductor is in the shape of a coil, and 
the more turns the higher the induc- 
tance. The SI unit of inductance is 
the henry: a coil has an inductance of 
1 henry if a p.d. of 1 volt is induced 
across its terminals when the current 
through it changes at the rate of 1 
ampere per second. The impedance 
of an inductor is defined in the same 
way as for a capacitor and it is also 
expressed in ohms. But in contrast to 
a Capacitive impedance, the imped- 
ance of an inductor increases as the 
frequency increases and the current 
wave lags the voltage wave by a quar- 
ter cycle. 


Electrical Standards at NBS 


In accordance with the ‘‘measure- 
ment strategy” outlined above, NBS 
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has constructed standards that em- 
body, as well as the present state-of- 
the-art permits, the SI units of capaci- 
tance, resistance, current and emf/p.d. 
The SI definitions, some of which are 
quoted above, relate the electrical 
units to each other and to the meter, 
kilogram, and second. The definition 
of the ampere, for example, relates it 
to the newton—the force that, when 
applied to a mass of 1 kilogram, gives 
it an acceleration of 1 meter per sec- 
ond per second. 

In the following, all uncertainties 
are expressed in parts per million 
(ppm) and are based on estimates at 
the 95 percent confidence level (2 
standard deviations). 

Capacitance: the farad 

The NBS standard of the farad is a 
specially designed variable capacitor 
of the Thompson-Lampard type that 
has been developed over the past 20 





years. One can calculate the amount 
by which its capacitance changes 
when a grounded metal rod passing 
through its center is moved through 
a distance measured by an interfer- 
ometer with light from a stabilized 
laser. The calculated change in capac- 
itance, expressed in farads, depends 
on the value of the speed of light. 
The U.S. legal farad, Fygs, is the 
average capacitance of a group of 
5 reference capacitors, each about 10 
picofarads, that have been calibrated 
against the primary standard. Fyrs is 
believed to be equal to the farad as 
defined, i.e., to the SI farad, to within 
0.02 ppm. 
Resistance: the ohm 
The U.S. legal ohm is based on the 
average resistance of 5 reference re- 
sistors of close to 1 ohm each, main- 
tained (like all the other national 
continued on page 285 
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Hre Safety 

for New Subway 
in Nation's 
Capital 


F OR the past several years resi- 

dents of the Nation’s Capital have 
become used to traffic detours, 
wooden planks laid across heavily 
traveled thoroughfares, and ear- 
splitting noise. Washington, D.C., is 
in the process of laying a subway sys- 
tem designed to speed commuters 
into the central city and serve as a 
showpiece for thousands of annual 
visitors. 

The 98-mile, $4.6 billion system is 
in keeping with the Federal policy of 
encouraging the development of mass 
transit facilities rather than high-speed 
highways for private automobiles. 

Washington’s subway is being con- 
structed by the Washington Metro- 
politan Area Transit Authority (WM- 
ATA), which is composed of repre- 
sentatives of the various local gov- 
ernments in Washington and its sur- 
rounding Virginia and Maryland sub- 
urbs. In May, 1974, an official repre- 
senting Washington-area fire chiefs 
raised questions concerning the fire 
safety of the subway cars ordered for 
the system. He asked the National 
Bureau of Standards’ Center for Fire 
Research for advice and opinion. 

The NBS offer to serve as a con- 
sultant was accepted in June, 1974, 
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by General Jackson Graham, General 
Manager of WMATA. The next month 
a task force was formed that included 
three NBS representatives, two local 
government officials and two WM- 
ATA representatives. During the next 
month this group visited the manu- 
facturer of the cars and consulted 
with other transit systems. A few 
small-scale fire tests were conducted 
at NBS. 

On August 19, 1974, this task force 
issued a report that recommended 
full-scale burn tests on a mock-up of 
an interior of one of the proposed 
cars. This, the group said, would pro- 
vide a more accurate assessment of 
the fire risk. In making this recom- 
mendation, the task force said the fire 
load (materials in the car with poten- 
tial for burning) was high enough so 
that a hazard could exist and that the 
smoke development potential of the 
seats and wall linings appeared to be 
high. Based on the experiences of 
other subway systems, ignitions in 
and under the Washington cars will 
occur, the group said. 

Following this report, WMATA 
asked NBS to undertake full-scale 
testing in its new Fire Test Facility. 
While NBS and WMATA were work- 


ing out the details of this program, a 
new, more-immediate problem arose. 
Several new WMATA buses had been 
burned. Public and news media in- 
terest was high and WMATA turned 
to NBS for assistance in evaluating 
the flammability of the interiors of 
these new buses. An inoperable bus 
was towed to NBS in March, 1975, 
full-scale tests were conducted, and a 
report was released at a press con- 
ference on May 15. NBS found the 
polyurethane foam padding in the 
bus seats a potential fire hazard and 
suggested that WMATA either re- 
move the padding or cover it with a 
highly fire-resistant fabric. (DIMEN- 
SIONS, July, 1975, p. 154) 

While this delayed the subway fire 
test project, it also offered NBS valu- 
able experience in instrumenting and 
conducting tests of transit vehicles. 

In June NBS technicians construct- 
ed a subway car mock-up in the Fire 
Research Facility. It was approximate- 
ly one-fifth the length of a subway 
car, containing several row of seats, 
wall and ceiling panels, and floor 
carpeting. The mock-up was instru- 
mented with thermocouples and an 
apparatus to measure gas concentra- 
tions. A total of 7 full-scale tests were 
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run. In each test ignition was accom- 
plished by lighting a paper bag placed 
on a seat or a wad of rolled news- 
paper placed under a seat. The results 
were recorded on videotape. 

In addition to the full-scale tests, 
NBS scientists conducted a smoke 
test on an actual subway car. A smoke 
bomb was set off beneath the parked 
car, to test the floor’s seal in the event 
of a fire beneath the carriage. 

NBS also tested a total of 4 types 
of subway car seats—3 made of ure- 
thane foam and 10 of vinyl neoprene. 


All 3 urethane formulations were 


found to be readily ignited. Two of 
the seat types ignited when the trash 


bag was lighted; the third urethane 
seat, which had a higher flame re- 
tardant in the covering fabric, was 
ignited by the rolled newspaper. 

The vinyl neoprene seat could be 
ignited by the rolled newspaper, but 
smoke and flame spread were found 
to be much less severe. NBS sug- 
gested that WMATA equip its cars 
with vinyl neoprene seats. 

NBS fire researchers also found po- 
tential problems with the wall lining 
of the cars. Once the seats were ig- 
nited, the walls—made of polyvinyl- 
chloride acrylic—tended to become 
involved. To remedy this, NBS sug- 
gested replacing the panel with one 
of a more fire resistant material. 

The smoke given off by the seats 
and walls was found to be hazardous 
because of its effects on reducing 
vision rather than due to the presence 
of any severely toxic agents. Smoke 
production, however, was rapid. After 
approximately 5 minutes there was 
only 10 percent vision left in the 
mock-up. With the vinyl neoprene 
seats, there was initial smoke buildup 
but this leveled off somewhat and did 
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not reach the 10 percent level until 
about 9 minutes. NBS researchers at- 
tributed this difference to the fact that 
the fire was contained largely in the 
seat fabric and did not penetrate the 
cushion rapidly. 

These results were released at a 
press conference on November 10. 
WMATA was already considering the 
possibility of changing the seat fabric 
from polyurethane foam to vinyl neo- 
prene based on WMATA observations 
of early full-scale tests. The other 
NBS suggestions are also being stud- 
ied by WMATA. 0 





The National Bureau of Standards 
has contributed significantly to one of 
the quieter revolutions of the last two 
decades—the upgrading of electrical 
measurement accuracy through de- 
velopment of the “calculable capaci- 
tor” as a standard. Quiet though the 
revolution may be, it has had a sub- 
stantial positive influence on meas- 
urement quality where precision elec- 
trical measurements are important. 


The Rise 
of the 


Capacitor 


It is No. 1 in accuracy among basic electrical standards 
It determines the size of the ohm (as well as the farad) 
It helps monitor the constancy of the ampere standard 


HE electric capacitor has come a 

long way in the science of meas- 
urement. Twenty years ago discus- 
sions of basic electric standards 
scarcely mentioned it. Today the SI 
or metric unit of capacitance, the 
farad, is the most accurately realiza- 
ble of the electric units. 

More impressive still, capacitance 
standards can now be used to meas- 
ure the resistance in ohms of standard 
resistors. And the National Bureau of 
Standards is setting up a regular pro- 
gram for monitoring the U.S. legal 
ohm standard by comparing it pe- 
riodically with the capacitance stand- 
ard. 

The capacitor’s march to metro- 
logical glory began back in 1956 
when A. M. Thompson and D. G. 
Lampard of the Australian National 
Measurement Laboratory (NML), then 
the National Standards Laboratory 
of Australia, discovered a new theo- 
rem in electrostatics. They uncovered 
a whole new class of designs, the 
“cross Ccapacitors,’” whose capacitan- 
ces can be calculated with unusual 
accuracy—in electrostatic units—from 
a single linear dimension of the ca- 
pacitor. 

However, to calculate a capaci- 
tance in SI units (farads)—which is 


indispensable for most practical ap- 
plications of capacitors—it is neces- 
sary to know the speed of light. (The 
capacitance formula contains the 
factor, €9, the “permittivity of space,” 
which in turn depends on c?, the 
square of the speed of light). Hence 
any uncerfainty in the speed of light 
will reappear (multiplied by 2, be- 
cause the square of c is involved) in 
the uncertainty of the capacitance. 
This difficulty was soon eliminated by 
progress in measuring the speed of 
light at NBS Boulder Laboratories. The 
uncertainty is now below 0.01 part 
per million (ppm).(See DIMENSIONS/ 
NBS, April 1974, pp. 90-91.) 

An apparently more formidable 
obstacle in the path of the calculable 
capacitor was the extreme minuteness 
of a picofarad (pF). Its usefulness 
would therefore have been severely 
limited unless a way could be found 
to accurately compare such small ca- 
pacitors with the very much larger 
ones that are most frequently used. 

This difficulty was overcome when 
scientists at the Australian NML and 
at NBS succeeded in designing cir- 
cuits (transformer comparator bridges) 
that can compare capacitors of only 
a fraction of a picofarad with capaci- 
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Capacitor continued 


HOW THE SPEED OF LIGHT GOT 
MIXED UP WITH CAPACITANCE 


To those not deeply immersed in 
electrical matters, it may seem more 
than a little farfetched that the speed 
of light pops up in the calculation of 
a Capacitance. 

The paradox is at least partially re- 
solved by recalling that light, after all, 
is an electromagnetic wave and _ its 
speed depends on basic characteris- 
tics of electric and magnetic fields. 

In a little more detail, one notes 
that an electric charge can manifest 


tors well over 100,000,000 times 
larger. And they do this without 
noticeably increasing the uncertainty 
of the result—a measurement feat 
that is believed unique to the field 
of electricity. (For a comparable 
achievement in measuring length, one 
would have to measure a distance 
equal to that between New York and 
San Francisco by means of a measur- 
ing rod only 2 cm long, and do it 
without making any detectable error 
in the measurement process itself.) 

The intercomparisons are made in 
a series of 10-to-1 stages: for exam- 
ple, a 10 pF capacitor is measured 
against a 1 pF capacitor, then a 100 
pF capacitor is compared with the 10 
pF one, and so on up the scale. This 
same technique has since been 
adapted to comparing standards of 
the volt and the ohm. 


itself in two ways: 

® It is repelled by like charges and 
attracted by opposite ones. 

® A moving charge is, in addition, 
acted on by other moving charges 
through the forces we call magnetic. 
It turns out that the speed of light 
depends on the relative strength of 
these two effects—electrostatic attrac- 
tion or repulsion on the one hand, 
and magnetic forces due to moving 
charges on the other. 

And capacitance—in farads—de- 
pends on the same two effects: 


Better Farads, Ohms, and Amperes 


Thanks to the calculable capacitor, 
the U.S. legal farad is believed to con- 
form to the definition of the SI farad 
to within 0.02 ppm. (This, like other 
accuracy figures in this article, given 
in ppm, are estimated at the 95 per- 
cent confidence level). 

Capacitors are critical components 
in all sorts of electronic circuits— 
amplifiers, oscillators, filters, pulse 
generators, and a hundred others. 
Tuning a radio or TV set, for example, 
is usually done by adjusting a variable 
capacitor. Considerably greater de- 
mands on accuracy are made in 
such applications as aircraft fuel 
gages and operational amplifiers for 
analog computers and control de- 
vices. The higher accuracy of the 
new Capacitance standards makes 


1) Capacitance in farads is the num- 
ber of coulombs needed to raise the 
p.d. of the capacitor to 1 volt. But the 
coulomb is the charge delivered by a 
current of 1 ampere in 1 second, and 
the ampere is defined in terms of 
magnetic forces between moving 
charges (See definition on page 269). 


2) The p.d. is a measure of the 
energy per coulomb (1 volt=1 joule 
per coulomb) stored in the capacitor 
—energy that depends solely on the 
electrostatic attraction between the 
charges on the capacitor’s two plates. 


quality control a lot easier for those 
who make precision capacitors and 
the instrumentation for measuring 
them. 

The calculable capacitor is leading 
to more accurate standards of electri- 
cal resistance (the ohm) where high 
accuracy is in even greater demand. 
The ohm formerly was determined by 
comparison with a calculable induc- 
tor. One either calculated the induc- 
tance of a carefully designed coil 
from its dimensions and number of 
turns, or the mutual inductance of a 
pair of coils. Calculable capacitors 
have at least two advantages over 
calculable inductors: they are more 
easily shielded from external disturb- 
ances and their geometry is much 
simpler. 

The calculable capacitor, jointly 
with the Josephson effect devices 
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that are used in maintaining the U.S. 
legal volt, can also monitor the con- 
stancy of the effective ampere stand- 
ard. Briefly: the calculable capacitor 
can reproduce the ohm with an un- 
certainty of 0.06 ppm (and prospects 
are good for doing even better); and 
the U.S. legal volt is reproducible 
with an uncertainty of 0.08 ppm. But 
standards of the ohm and volt, by 
way of Ohm’s law, give us a corre- 
sponding ampere that can be repro- 
duced with essentially the same rela- 
tively small uncertainty as the ohm. 
Our best procedure for the absolute 
determination of the ampere, which 
uses a current balance, has an un- 
certainty of about 15 ppm. Thus, al- 
though the ampere standard could 
conceivably vary, from one absolute 
determination to another, by as much 
as 15 ppm, scientists can nevertheless 
(through the ohm and volt standards) 
narrow the range of possible fluctua- 
tions in the U.S. legal ampere to less 
than 1/200 of that amount. 


Calculable Capacitors 


There were calculable capacitors 
before 1956, but achieving the re- 
quired accuracy was so difficult that 
it discouraged their use as standards. 
Almost any physics textbook tells how 
to calculate the capacitance of a 
“parallel plate’ capacitor—two equal 
metal disks, parallel to one another 
and separated by air or some other 
nonconductor. Unfortunately, the cal- 
culation is exact only under certain 
ideal conditions, and the capacitance 
is extremely sensitive to even very 
slight deviations from those condi- 
tions. 

The merit of the cross capacitor is 


continued on page 286 
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Using Computer Simulation 
to Solve Problems 


“aes the use of a com- 
puter to implement mathematical 
or logical models for observing the 
behavior of a system, is one of the 
most consistently useful and produc- 
tive applications of computer science. 

Simulation has been employed 
widely in industry, academic institu- 
tions, and government for almost as 
long as the modern digital computer 
has been used. This application of 
the computer has been solving prob- 
lems in the aerospace, chemical, and 
engineering areas for more than a 
quarter of a century, and is now mov- 
ing into social science and manage- 
ment applications. 

The National Bureau of Standards 
has used simulation models to sub- 
stitute for actual experimentation in 
solving ‘‘real world’’ problems. The 
Bureau’s Institute for Computer Sci- 
ences and Technology (ICST) has 
used simulation to determine the ap- 
propriateness of computer configura- 
tions for export control and to detail 
certain computer requirements of the 
Navy as part of a performance evalu- 
ation project. 

Paul F. Roth, a computer specialist 
with ICST, has been engaged in many 
aspects of simulation since 1955. Be- 
fore joining the Bureau, Roth spent 
10 years in the aerospace industry 
performing simulation of aerospace 
systems, and then worked 6 years in 





*P. F. Roth, “Discrete Event Simulation,” 
from Encyclopedia of Computer Sciences, by 
A. Ralston Petrocelli Publishers, to be pub- 
lished. 


the computer industry where he de- 
veloped a simulation language used 
in predicting the performance of a 
manufacturer’s computer line. 

According to Roth, simulation is a 
multidisciplinary technology compris- 
ing elements of mathematics, engi- 
neering, and management science. 
He believes that the characteristics of 
simulation make it an excellent meth- 
odology for use in constructing mod- 
els of systems whose states change 
with time and which may be too 
complex to be described by conven- 
tional mathematical systems. These 
models are implemented on a com- 
puter so that the machine can process 
the changes that would take place in 
the real world, generate statistics, and 
display the data. 

The various types of simulations 
presently used are classified accord- 
ing to the nature of the systems they 
represent, with two of the most wide- 
ly used classifications being continu- 
ous event simulation and discrete 
event simulation.* 

Continuous event or analog simu- 
lation, which preceded discrete event 
simulation by about a decade, is 
used for systems whose states change 
smoothly, such as the position of an 
airplane in flight. The changes in 
winds, the effect of control surfaces, 
and the altitude of the plane are 
examples of continuous variables in 
this system. 

In discrete event simulation, the 
systems change states in abrupt steps. 
Roth cites the computer as a prime 
example of a discrete system due to 
its constant switching and changing 


of information states. A supermarket 
with its resource allocation and traffic 
pattern is another example of a typi- 
cal discrete event system. Discrete 
event simulations focus on the users 
of the system who consume resources 
and expend time. 

For the private sector, discrete 
event simulation in the modern sense 
began about 1959 with the develop- 
ment of job shop simulators by large 
industrial corporations to solve prob- 
lems relating to the allocation and 
distribution of resources according to 
production scheduling. In 1962, the 
first general-purpose simulation lan- 
guages, SIMSCRIPT and GPSS, were 
documented. The field of simulation 
grew from there, partially due to the 
increased speed of computers, the 
decreased cost of using them, and the 
development of powerful program- 
ming languages for simulation. 

According to Roth, simulation gives 
the user the opportunity to study a 
real system and perform alternative 
modifications without actually chang- 
ing the system. This is especially val- 
uable in such areas as business policy 
and combat strategy where actual ex- 
perimentation could be costly and/or 
disastrous. This computer experi- 
mentation can be done with a reason- 
able investment of time and money, 
especially where the system is not 
physically available for experimenta- 
tion or where experimentation with 
the system is too dangerous. Simula- 
tion has been used to replace ele- 
ments of systems or entire systems 
too large or cumbersome to test. 

turn page 
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Simulation continued 


One example of the use of simula- 
tion with such a system is in studying 
spacecraft docking, maneuvering, and 
re-entry. The calculations of the best 
angle of re-entry, for example, involve 
a variety of data such as the heat 
caused by atmospheric drag, orbital 
velocity, and aerodynamic character- 
istics. Using simulation, an engineer 
sitting at a terminal can change any 
one of these variables and determine 
almost immediately the impact of the 
change on vehicle performance. 

Similarly, simulation has been used 
to study world weather dynamics and 
weapon effects. 

In the business area, simulation can 
be used to improve a manufacturer’s 
warehouse distribution system by 
helping him find the optimum num- 
ber, size, and location of field ware- 
houses needed for his product. The 
computer allows him to take into 
consideration simultaneously — the 
manufacturing facilities, existing 
warehouses, transportation methods, 
production inventories, and the ulti- 
mate consumer, among other vari- 
ables. 

Another important use of this tech- 
nique involves the simulation § of 


traffic control systems for airports and 
airways. 

In 1971, NBS used computer simu- 
lation to help the Federal Aviation 
Administration (FAA) upgrade part of 
its air traffic control system. Scientists 
from the Center for Computer Sci- 
ences and Technology (the forerun- 
ner of ICST) and the Applied Mathe- 
matics Division tested two types of 
plans for assigning flight identification 
codes to aircraft by simulating a rep- 
resentative sample of air traffic for a 
peak day. 

Led by mathematician Judith Gil- 
sinn, the Bureau also developed a 
simulation model of an airport termi- 
nal area for the FAA. The simulation, 
called DELCAP (for Delay/Capacity, 
the two items the simulation was 
designed to measure), is a planning 
and analysis tool for use in investi- 
gating factors affecting throughput 
(the number of operations handled 
by the facility per time period) and 
delay. 

Input for the simulation included 
traffic levels, the mix and characteris- 
tics of aircraft types, the separation 
rules which apply, the airport. runway 
configuration, and the runway oper- 


’'76 SIMULATION CONFERENCE PLANNED 


NBS plans to host the 1976 Win- 
ter Simulation Conference next 
December at the NBS Gaithers- 
burg, Md. site. All major profes- 
sional societies involved in simu- 
lation will join the National Bu- 
reau of Standards in sponsoring 


the Bicentennial event. The con- 
ference will cover a broad range 
of topics primarily related to dis- 
crete event simulation and model- 
ing. For further information con- 
tact Paul Roth, Technology B240, 
NBS, Washington, D.C. 20234. 


ating policies. The simulation detailed 
those aspects on the flight of an air- 
craft which impede the free progress 
of other aircraft. 

DELCAP was designed to answer 
questions such as “Can the present 
configuration at a given airport han- 
dle an increase of 50 percent in 
traffic?’”’, and ‘‘Would delay be de- 
creased by reserving one runway for 
large and medium size jets and large 
piston aircraft?” The simulation also 
examined the effects on congestion 
of adding extra runways. 

In January 1975, the scientists pub- 
lished their modifications of the 
DELCAP simulation (originally pro- 
duced in 1971) in order to allow 
more flexible sequencing of opera- 
tions on runways handling landings 
and takeoffs. DELCAP has been run 
on O'Hare airport in Chicago, and 
New York’s LaGuardia airport. 

Bureau mathematicians have also 
used simulation to design a model 
describing the movement of trucks 
in lower Manhattan, contributing to a 
larger study by the Department of 
Housing and Urban Development. 
The study demonstrated how opera- 
tions research and computer simula- 
tion techniques can assist urban 
planners. 

Among the latest uses of computer 
simulation is, curiously, the predic- 
tion of the performance of computer 
systems themselves. According to 
Roth, a pioneer in the development 
of this specialized application of sim- 
ulation, the technique can be used to 
test new computer designs and pro- 
grams without the expense of full- 
scale construction and _ operation. 
Simulation can also solve problems 
dealing with the design of hardware 
and software configurations. 
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For the past 3 years, ICST and the 
Association for Computing Machinery 
(ACM) have cosponsored the only 
conference devoted exclusively to the 
simulation of computer systems. This 
year’s symposium, held in August at 
the NBS Boulder, Colo., laboratories, 
focused on the state of the art of this 
expanding field. According to Roth, 
originator and twice general chair- 
man of the symposia, the meetings 
provide information on techniques 
of system model design, simulation 
languages, and software and _ hard- 
ware performance prediction, tech- 
niques which enable the design, pro- 
curement, and management of com- 
puters in a more cost-effective man- 
ner. ; 

Today, a number of other symposia 


December 1975 


devoted to special applications of 
simulation are attracting new com- 
puter professionals to the field. Sev- 
eral major technical societies have 
simulation-oriented component or- 
ganizations, such as the Special Inter- 
est Group on Simulation (SIGSIM) of 
the ACM. 

Additionally, many universities are 
offering courses in simulation in an 
effort to foster the use of the tech- 
nique in new and diverse areas. Roth 
periodically teaches graduate-level 
courses in simulation at the Virginia 
Polytechnic Institute and at the Uni- 
versity of Maryland. 

The applications of computer simu- 
lation in use by government and pri- 
vate institutions evidence it is a 
better way of solving problems. O 





New Technique for Fission Study 


A research group at NBS has ap- 
plied a powerful new tool to the 
study of nuclear fission. By inducing 
y-ray fission and measuring the proc- 
ess to a sensitivity a million times 
greater than previously possible, the 
researchers have obtained results for 
the uranium isotope of mass 238. The 
technique can, it appears, be applied 
to all nuclei of interest for practical 
and scientific purposes. 

The NBS work may prove useful in 
the effort to expand our national en- 
ergy resources through the better 
understanding and use of nuclear 
fission. The new technique is re- 
ported in the September issue of The 
Physical Review C. 


Videotape for Semiconductor 
Community 


New and powerful applications for 
laser scanning in semiconductor de- 
vice design and reliability work are 
presented in a videotape now avail- 
able for distribution on loan without 
charge from NBS. Titled “Laser Scan- 
ning of Active Semiconductor De- 
vices,” the 55-minute presentation is 
given by David E. Sawyer and David 
W. Berning, developers of an optical 
scanner which can, in a completely 
nondestructive way, reveal the inner 
workings of semiconductor devices. 
As an added feature, Sawyer and 
Berning are available for a telephone 
conference call to answer questions 
and provide more detailed informa- 
tion following a prearranged showing 
of the videotape. 

Persons wishing to borrow the 
videotape should contact Elaine C. 
Cohen, B346 Technology Building, 
NBS, Washington, D.C. 20234. The 
tape is available in color on ¥4-inch 


cassettes and in black and white on 
Y2-inch reels. An earlier videotape, 
titled ‘Defects in PN Junctions and 
MOS Capacitors Observed Using 
Thermally Stimulated Current and 
Capacitance Measurements,” is also 
available on loan without charge. 


Symposium on Micro and 
Mini Systems 


A symposium on “Trends and Ap- 
lications: Micro and Mini Systems” 
will be held at NBS, Gaithersburg, 
Md., May 27, 1976. The symposium 
will be sponsored by the IEEE Com- 
puter Society Eastern Area Commit- 
tee, the Washington, D.C. Chapter, 
the IEEE Washington Section and NBS. 

Submitted papers should be of a 
tutorial nature, describing practical 
experiences with micro and mini sys- 
tems, or presenting new research re- 
sults. Topics to be covered include: 

Networks of Processors, Multiproc- 
essor Ensembles, Intelligent Termi- 
nals, Novel Architectures, Program- 
ming and Operating Systems, Secu- 
rity, Performance Evaluation, Novel 
Applications. 

Three copies of 1,000 word ab- 
stracts should be submitted to: Jack 
Benoit, MITRE Corporation, Westgate 
Research Park, McLean, Va. 22101, by 
January 15, 1976. For further infor- 
mation, contact: Marshall Abrams, 
National Bureau of Standards, Tech- 
nology B212, Washington, D.C. 
20234, or call (301) 921-2601. 


Computer Privacy Cost Model 


A computerized model has been 
developed on an NBS contract to 
help Federal agencies implement the 
Privacy Act of 1974. The model, in- 
troduced at the Privacy Model Work- 
shop for Federal Agencies held at 


NBS on October 3, 1975, is a tool for 
examining the cost of various techni- 
cal and procedural alternatives for 
given systems of computerized rec- 
ords. By using the privacy model, pro- 
posed privacy safeguards can be ex- 
amined for their cost impact before 
installation. Cost-effective alternatives 
can then be selected as necessary. 
Similarly, the privacy model can iden- 
tify cost-savings resulting from the 
reduction or elimination of data col- 
lections. 


The model will be available later 
this year through the National Tech- 
nical Information Service. Inquiries 
about the privacy model should be 
addressed to: NBS Systems Architec- 
ture Section, Technology Building, 
A265, Washington, D.C. 20234. 


Stronger Ceramics Through 
Better Design 


NBS has conducted an error anal- 
ysis on the equation used to develop 
design diagrams for structural ceram- 
ics. Since ceramics generally fail from 
pre-existing cracks, these diagrams are 
based on characterization of the be- 
havior of cracks. Depending on the 
quality of the strength and crack 
growth data, NBS found an uncer- 
tainty in time-to-failure predictions of 
as much as 2 or 3 orders of magni- 
tude. However, the error analysis also 
showed that a modest increase in the 
proof-test level or a modest decrease 
in the service load will offset the 
uncertainty. 

Design techniques, such as those 
being developed at NBS for ceramics, 
are being used in a number of areas 
where structural reliability is of criti- 
cal importance, including the design 
of space craft windows. Oo 
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Computer-Aided Manufacturing 
Can Increase Productivity 


OMPUTER-aided manufacturing 

offers the opportunity to signifi- 
cantly increase National productivity 
and to reduce manufacturing costs, 
according to Dr. Betsy Ancker-John- 
son, Assistant Secretary for Science 
and Technology of the Commerce 
Department. 

Ancker-Johnson made 
marks at the Second International 
Computer-Aided Manufacturing 
(CAM) Standards Workshop held at 
the National Bureau of Standards. 

The 3-day Workshop was spon- 
sored by the NBS Institute for Com- 
puter Sciences and Technology and 
Computer-Aided Manufacturing-Inter- 
national, a non-profit organization 
dedicated to advancing the technolo- 
gies of CAM. The meeting, attended 
by representatives of standards orga- 
nizations working on various aspects 
of CAM, is designed to coordinate 
the activities of these groups and to 
begin development of a consensus 
CAM systems structure. 

In her introductory remarks, 
Ancker-Johnson stressed that the sub- 
ject of standards in CAM systems has 
significant potential for major eco- 
nomic impact. She cited examples of 
numerically controlled machine tools 
that have increased productivity by 
factors of three or four, and com- 
puter-aided design (CAD) systems 
that have demonstrated productivity 
increases by factors of six, seven, or 
more. 

According to Ancker-Johnson, ‘In 
my view, computer-aided manufac- 
turing in general, and the standardi- 
zation of computer-aided manufac- 
turing systems in particular, offer im- 
portant opportunities for improve- 
ment in our technological situation, 
in our productivity growth, and in our 
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international trade situation.” 

Many diverse companies and or- 
ganizations are currently developing 
and implementing various compo- 
nents of computer-aided design and 
computer-aided manufacturing sys- 
tems. Component parts of such sys- 
tems come from the computer indus- 
try, the sensor and instrumentation 
industries, machine tool manufactur- 
ers, and materials handling systems 
manufacturers. Widespread and effi- 
cient applications of such systems will 
depend on the standard data base 
formats and computer languages and 
on standard interfaces between those 
various Components. 

Ancker-Johnson pointed out that 
the development of such standards 
and performance measures, to insure 
that all components fit together cor- 
rectly and work satisfactorily, will 
improve the efficiency of capital in- 
vestments. 

The National Bureau of Standards 
is primarily concerned with standards 
for the interface specifications that 


allow all of the various modular com- 
ponents of manufacturing systems, 
both hardware and software, to fit 
together without expensive special 
engineering and computer program- 
ming. This concept is particularly im- 
portant to medium and small firms 
which account for approximately 
three-fourths of the value of ship- 
ments in the discrete parts manufac- 
turing industries. This conference is 
one important way that NBS is stimu- 
lating the development of such stand- 
ards. 

Keynote address for the workshop 
was presented by Thomas D. Morris, 
Assistant Comptroller General, U.S. 
General Accounting Office (GAO). 
Morris discussed the GAO study of 
CAD/CAM systems in the U.S. and 
foreign countries. The report, ex- 
pected to be released in the near 
future, includes recommendations for 
government actions in the area of 
CAM to maintain this country’s inter- 
national trade position. O 








Knergy-Environment 
Workshops Planned 


series of workshops aimed at 

determining what kinds of stand- 
ards may be needed for measuring 
environmental pollution associated 
with energy production is planned 
during the next 6 months by the Na- 
tional Bureau of Standards and the 
Environmental Protection Agency 
(EPA). 

Beginning in January, workshops 
will be held at the National Bureau of 
Standards in Gaithersburg, Md., to 
determine how many and what kinds 
of Standard Reference Materials 
(SRM’s) NBS should develop to assist 
EPA in measuring water and air pollu- 
tion that may result from various 
types of energy production. 

The workshops will focus on SRM 
needs for uranium mining, mine 
drainage, geothermal energy, power 
plant operation, and coal gasifica- 
tion, liquefaction,and desulfurization. 

NBS SRM’s are materials whose 
chemical composition or particular 
chemical or physical properties have 
been accurately determined and cer- 
tified. More than 900 NBS SRM’s are 
currently available and are used 
throughout industry and the scientific 
community to calibrate and evaluate 
measurement instruments and _ test 
methods. 

The workshops are the first step in 
a 5-year program at NBS designed to 
meet the Nation’s environmental 
measurement needs as_ alternative 
forms of energy are developed. En- 
vironmental information is needed to 
help regulatory officials assess 
whether energy development is oc- 
curring with acceptable environmen- 
tal impact. The program, funded by 
EPA, is administered jointly by the 
EPA Office of Energy, Minerals, and 
Industry within the agency's Office of 
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Research and Development and the 
NBS Office of Air and Water Measure- 
ment. 

The schedule for the workshops is: 

January 20, 21—SRM’s for Coal 
Gasification and Liquefaction 

February 3, 4—SRM’s for Coal De- 
sulfurization 

February 19, 20—SRM’s for Power 
Plant Operation 

March 22, 23—SRM’s for Uranium 
Mining 

April 28, 
Drainage 

May 24, 25—SRM’s for Geothermal 
Energy Utilization 

A workshop on SRM’s for offshore 
drilling was held on October 6 and 7 
in Santa Barbara, Calif. A second 
workshop on SRM’s for oil shale 
processing was held November 24 
and 25 at NBS. 

Attendance at the workshops is by 
invitation only. Proceedings will be 
published. Persons interested in ob- 
taining more information should con- 
tact Donald Becker, NBS Energy-En- 
vironment Workshop Coordinator, 
Analytical Chemistry Division, Chem- 
istry Building A309, Washington, D.C. 
20234, (301) 921-2128. 


29—SRM’s_ for Mine 


NBS Guides 
Consumers in 
Use of Color 


SING color to one’s own best ad- 
vantage is an art and a science. 
Both aspects are expertly analyzed 
in Color in Our Daily Lives, a booklet 
just published by the National Bureau 
of Standards. 

The four-color, 32-page illustrated 
booklet—No. 6 in the NBS Consumer 
Information Series—takes the reader 
step by step through the fundamental 
principles of color and light, families 
of color, influence of colors upon 
others colors, and color harmony. It 
then discusses practical applications 
in sections on: 
® Your Personal Color Plan 
® Your Color Environment 
® Color and Illumination 
® Use Color to Dramatize or to Hide 

Color Plans for the Home 

Experimenting with Color 

Authored by the late Deane B. 
Judd, Color in Our Daily Lives reflects 
the wisdom and scientific insight at- 
tained by Dr. Judd in his 42-year 
research career at the Bureau. An 
internationally recognized expert, 
Judd, in this valedictory work, trans- 
lated his basic color concepts into 
popular language for the ordinary 
consumer. 

Color in Our Daily Lives, NBS Con- 
sumer Information Series No. 6, is 
available from the U.S. Government 
Printing Office at $1.70 a copy. Use 
Superintendent of Documents (SD) 
Catalog No. C13.53.6 when ordering. 

Oo 
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Electrical continued 


standards) in a carefully stabilized en- 
vironment. The resistances of these 
standards were originally determined 
by comparing them with a calculable 
inductor. However, preliminary com- 
parisons have now been made with 
reference capacitors that, in turn, 
were compared with the calculable 
capacitor. As a result, the value of the 
U.S. legal ohm is believed known, in 
terms of the SI ohm, to within 0.06 
ppm. 
Inductance: the henry 

it has not been found necessary to 
maintain a physical embodiment of 
the henry, SI unit of inductance. NBS 
calibrates precision inductors by com- 
paring them, in a special a.c. bridge, 
with known capacitors and resistors. 
Current: the ampere 

The SI definition of the ampere, 
quoted above, is not, as one soon 
notices, directly applicable because 
of its reference to infinite conductors. 
But when we interpret it in the con- 
text of electrical theory we can de- 
duce certain relations that are appli- 
cable. We can, for example, work out 
the relation between the magnetic 
force between two coils and the cur- 
rent flowing in them (the same cur- 
rent in each coil) when we know the 
size, shape, number of turns and rel- 
ative placement of the coils. By meas- 
uring the force between two such 
coils—an instrument for doing this is 
called a “current balance’’—we can 
calculate the current flowing in them, 
expressed in the same amperes that 
are described in the SI! definition. 

An absolute determination of the 
ampere by means of a current bal- 
ance is undertaken by NBS about 
every 10 years. During each such ex- 
periment, which makes the standard 
current available for about 15 min- 
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utes, the value of the current in 
amperes can be determined to within 
about 15 ppm. 
Electromotive force/potential differ- 
ence: the volt 

During the few minutes the current 
is flowing in the current balance, it 
also passes through some known re- 
sistances. Using Ohm’s law, the po- 
tential drop across each resistor can 
be calculated and can at the same 
time be used to calibrate the emf of 
a standard voltage cell. 

The accuracy of volt standards cali- 
brated in this way is limited by the 
uncertainty (15 ppm) in the ampere. 
Volt standards can, however, be com- 
pared with one another to within 0.02 
ppm. The U.S. legal volt is based 
on the average of a set of standard 
cells (saturated Weston cells) whose 
voltages are assigned (and monitored 
about once a month) by an a.c. 
Josephson effect device, a precise and 


linear voltage-to-frequency converter. 
The U.S. legal volt is believed con- 
stant to within 0.08 ppm, though it 
could conceivably differ from the SI 
volt by as much as 15 ppm. 

To sum up, NBS has highly accurate 
standards of the farad and ohm. The 
standards of ampere and volt are 
somewhat less accurate (1 part in 
66,000). However, by means of the 
Josephson effect, NBS can assure the 
constancy of its volt standards within 
extremely narrow limits (=0.08 ppm). 
Since the ohm is so accurately known, 
any improvement in the accuracy of 
either the ampere or the volt can 
immediately be transferred to the 
other (using Ohm’s law). The main 
problem now facing electrical metrol- 
ogists, therefore, is how to increase 
the accuracy of the volt or ampere 
standards, hopefully to match the 
high level of constancy made possi- 
ble by the Josephson effect. Oo 





Capacitor continued 


that it does not suffer from this un- 
desirable hypersensitivity. Basically, a 
cross Capacitor is two capacitors; the 
calculated capacitance is the average 
of the two. And the two capacitors 
are so related that a misalignment or 
misplacement of any of the critical 
parts gives rise to two opposing ef- 
fects: It increases one of the capaci- 
tances and simultaneously decreases 
the other by nearly the same amount. 


The Thompson-Lampard Theorem 


The kind of situation considered in 
the Thompson-Lampard theorem, on 
which the calculable capacitor is 


based, is not difficult to describe: a 
set of four metal rods—call them A, 
B, C and D—of indefinite length and 
placed parallel and close to one an- 
other, as suggested in the illustration. 
The cross section of any one rod is 
uniform along its length, but different 
rods can have different cross sections. 

Now any two conductors, say por- 
tions of rods A and C, separated by a 
nonconductor (air, for example) con- 
stitute a capacitor. But because the 
rods are “indefinite” in length, we 
can only speak of their capacitors per 
unit length. Suppose, then, the A-C 
rod pair has a capacitance of C, 
farads per meter while the capaci- 
tance of rod pair B-D is C, farads per 
meter. Also, let C be the average of 
C, and Cz. 

Then the Thompson-Lampard the- 
orem leads to this remarkable result: 
If C, and C, are nearly equal, then we 
can not only calculate the value of C, 
but the calculated value is—to a very 
high degree of accuracy—the same 
for all sets of rods that satisfy this 
condition. This constant value of C 
is about 2 picofarads per meter. 
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From Fixed to Variable 


In practice, of course, rods of defi- 
nite length must be used. But by plac- 
ing a “guard section” near either end 
of each rod (insulated from, but kept 
at the same potential as, the rod) it 
can be made to behave much as 
if it were part of an infinitely long 
rod. Also, it is easiest to use four rods 
of the same circular cross section, 
with the centers at the corners of a 
square. A “grounded” metal cylinder, 
enclosing the entire cross capacitor, 
is employed to shield it from electro- 
static fields between itself and con- 
ductors in the vicinity. 

The first operating calculable ca- 
pacitor of this kind was built in 1960 
by Robert D. Cutkosky at NBS. Its 
electrodes (rods) were precision gage 
blocks, and it was used to calibrate 
an ohm standard to 6 ppm. Cutkosky 
also extended the theory to allow for 
nonconducting films on the elec- 
trodes. 

An important change came in 1964 
when Thompson and Lampard, work- 
ing with W. K. Clothier, made the 
cross Capacitor variable. They did this 
by inserting a grounded rod down 
along the central axis of the device. 
This acts as a shield between opposite 
rods, reducing C, and C, effectively 
to zero over the distance the shield 
rod has been inserted. The A-C and 
B-D capacitances are again restored 
as the movable rod is withdrawn. 
Leaving out the complicated details, 
if the rod is pulled out through a dis- 
tance L, the cross capacitance in- 
creases by L*C. Clothier built an in- 
strument of this design in 1964. Its 
accuracy was limited to about 0.5 
ppm by the then existing uncertainty 
in the speed of light. 


December 1975 


Fixed 
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The second cross capacitor at NBS 
was of this variable kind. It was built 
by Cutkosky in 1974 and is the one 
used by him to determine the farad 
to 0.02 ppm and the ohm to 0.06 
ppm. Besides the advantages inherent 
in the variable cross capacitor, plus 
some refinements worked out at NBS, 
this cross capacitor has the major ad- 
vantage arising from the use of a 


stabilized laser for the interferometric 
measurement of the displacement L. 

Thus in less than twenty years the 
calculable capacitor has become one 
of the two pillars of the electrical 
measurement system (the other is the 
ac. Josephson effect) that are primari- 
ly responsible for the accuracy and 
stability of that system. 0 
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